Introduction {#sec1}
============

Field-deployable detectors, such as lateral flow detection (LFD), are broadly employed in various areas because of their simplicity (one-step procedure), rapidity (5--10 min), and low cost (1--10 \$).^[@ref1],[@ref2]^ However, early works of LFD usually suffered from a high background signal, poor sensitivity, and a narrowly single target, not synchronous multiple targets.^[@ref3],[@ref4]^ The performance of current methods for LFD-based biomarker detection has been rapidly upgraded by incorporating numerous kinds of enzymes as a reporter system.^[@ref5]−[@ref7]^

Cas12a is a member of CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)-associated enzymes.^[@ref8]−[@ref10]^ It has revealed unique collateral DNase activity (destruction of nearby nontargeted DNAs) making it a fascinating tool for pathogenic diagnostics. By equipping Cas12a with a fluorophore quencher (FQ)-labeled reporter system, Doudna and her colleagues first created a DNA Endonuclease-Targeted CRISPR Trans Reporter (DETECTR) for ultrasensitive and specific analysis of human papillomavirus (HPV) in a clinical environment.^[@ref11]^ Although FQ-labeled reporter systems have been employed by us and other groups,^[@ref12]−[@ref15]^ they usually need specialized and costly equipment restraining them from point-of-care diagnostics or in resource-restrained areas. Recently, a Cas12a-based electrochemical biosensor was designed for viral nucleic acid detection, which is more cost-saving than fluorescence-based platforms.^[@ref16]^ Many research groups endeavor to develop field-deployable sensing platforms with good portability. Inspired by DETECTR, DNA probe-modified gold nanoparticles (GNPs) have been used to generate colorimetric readouts that can be judged by the naked eye for the detection of the red blotch viral DNA in grapevines.^[@ref17],[@ref18]^ Another naked-eye readout of analytes was achieved by Cas12a-mediated visual assays to show that single nucleotide polymorphism (SNP) targets could be detected via Pt nanoparticle (PtNP)-catalyzed oxygen generation on a volumetric bar-chart chip.^[@ref19]^

Recently, it was found that Cas12a can degrade DNA in a smart gel, thereby translating the recognition event into material property changes. For example, upon activation, Cas12a modulated the permeability of a smart gel-based microfluidic chip with both direct visual and electronic readouts for nucleic acid detection.^[@ref20]^ However, it is hard to integrate with downstream hardware devices for accurate result analysis and processing. Here, we developed a rapid visual platform, named Cas12a-activated universal field-deployable detector (CUFD), by a combination of paper strips in a one-pot test. By coupling the CUFD assay with the molecular amplification technique, we illustrated the naked-eye observation platform to detect pathogenic infections in diverse clinical blood specimens collected from hospitals ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The CUFD read-out depends on the degradation of the FITC--biotin reporter, allowing for diagnoses using commercial paper strips. In detail, an abundant amount of FITC--biotin reporters first bind to specific antiFITC antibody--GNP conjugates at the conjugate pad of the strip, when they diffuse over the area with the biotin ligand molecule at the noncleavaged line (N line) and produce a black line over several minutes. When the FITC--biotin reporter is destructed, the not-captured GNP conjugates pass through the N line and will be captured in the cleavaged line (C line) by the antiGNP antibody. The ratio (*I*~C~ -- *I*~o~)/*I*~N~ indicates the amount of unleashed FITC molecules as well as the amount of nucleic acid targets in the system. The goal of the CUFD technique was fabricating a direct visual read-out that enables naked-eye observation and minimal clinical training to operate, which provides the translation of gene-editing enzymes for portable applications and precision medicine.

![Cas12a-activated field-deployable detector for nucleic acids and bacterial diagnostics. When the FITC (fluorescein isothiocyanate)--biotin reporter is destructed, the not-captured GNP conjugates pass through the noncleavaged line (N line) and will be captured in the cleavaged line (C line) by the antiGNP antibody. The ratio (*I*~C~ -- *I*~o~)/*I*~N~ indicates the amount of unleashed FITC molecules as well as the amount of nucleic acid targets in the system. Here, *I*~C~, *I*~N~, and *I*~o~ are the intensity of the cleavaged line, non-cleavaged line, and negative control, respectively.](ao0c01911_0001){#fig1}

Results and Discussion {#sec2}
======================

The CUFD employs its collateral cleavage activity as the signal generation mechanism. This CUFD technique is both robust and highly sensitive, not only because Cas12a cannot tolerate the mismatches between the target and the nonseed site of gRNA in the first 18 nucleotides^[@ref21]^ but also because Cas12 employs a single RuvC domain for RNA-guided *cis*-/*trans*-ssDNA or dsDNA cleavage in the presence of a specific DNA target *in vitro*.^[@ref22]−[@ref24]^ The Cas12a-based CUFD readout depends on the degradation of the FITC--biotin reporter, allowing diagnoses using commercial paper strips. This principle can be applied to develop a rapid and portable paper assay for nucleic acid detection in pathogenic diagnostics. The goal of the CUFD technique was fabricating a direct visual readout with minimal training to operate.

To verify the key collateral activity of the CUFD, Cas12a was biosynthesized and its activity was optimized ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01911/suppl_file/ao0c01911_si_001.pdf)). Both gel analysis ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) and FQ-labeled reporter assay ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01911/suppl_file/ao0c01911_si_001.pdf)) were used to optimize Cas12a activity in different buffers (NEB buffers, CutSmart buffer, and HEPES buffer), pH values (4.0--11.0), metal ions (Mg^2+^, Ca^2+^, Mn^2+^, Co^2+^, Ni^2+^, Zn^2+^, and Cu^2+^), incubation times (5--60 min), nucleic acid lengths (299--900 bp), and serum concentration contents (0--30%) ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01911/suppl_file/ao0c01911_si_001.pdf)). A band just above 180 kD was induced by IPTG, consistent with the size of the MBP--Cas12a fusion (192.1 kD). Upon the addition of TEV protease, a lower molecular weight band appeared, consistent with the size of free LbCas12a of 143.7 kD ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). Clear DNA cleavage was observed at 5 min; with the prolongation of the reaction time, the substrates gradually decreased and the products gradually increased ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). Compared with AsCas12a and FnCas12a, LbCas12a has better cleavage activity ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). Cas12a had a better cleavage activity in Buffers QG1--5 and a worse cleavage activity in Buffer QG6 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). DNA cleavage was observed in the presence of Mg^2+^, Ca^2+^, and Mn^2+^; the addition of Co^2+^, Ni^2+^, Zn^2+^, and Cu^2+^ to the reaction did not result in DNA cleavage ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e). As displayed in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01911/suppl_file/ao0c01911_si_001.pdf), under the optimized conditions of 10 mM Mg^2+^ in NEB buffer 2.1 (pH7.0), the real time fluorescence response of a Cas12a-based system has the highest response intensity. Also, the length of the target nucleic acid ranging from 299 to 900 bp seems to not influence the result, as indicated by [Figures S1c](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01911/suppl_file/ao0c01911_si_001.pdf) and [2](#fig2){ref-type="fig"}f.

![Cas12a characterization and optimization. (a) Stepwise purification of Coomassie blue-stained acrylamide gel of Cas12a. (b) Cas12a cleavage activity with crRNA (1 and 2) incubation ranging from 0 to 60 min. (c) Cas12a cleavage activity from *Francisella novicida* (Fn), *Acidaminococcus* sp. (As), and *Lachnospiraceae bacterium* ND2006 (Lb), as confirmed with different crRNAs (1 and 2). (d) Cas12a cleavage activity with both crRNA (1 and 2) in different buffers (Buffer QG1/NEBuffer 1.1; Buffer QG2/NEBuffer 2.1; Buffer QG3/NEBuffer 3.1; Buffer QG4/CutSmart Buffer; Buffer QG5/NEBuffer 3; Buffer QG6/1 × cleavage buffer/20 mM HEPES (pH 7.5), 150 mM KCl, 10 mM MgCl~2~, 1% glycerol, and 0.5 mM DTT). (e) Cas12a cleavage activity with different metal ions with 1 or 10 mM concentration. (f) Cas12a cleavage activity with crRNA (1, 2, and S as control) for different target lengths from 299 to 900 bp. crRNA 1: TAATTTCTACTCTTGTAGATAGGAGTGTTCAGTCTCCGTGAAC; crRNA 2: TAATTTCTACTCTTGTAGATCTGATGGTCCATGTCTGTTACTC.](ao0c01911_0002){#fig2}

We next studied the feasibility of Cas12a-collateral cleavage assay as a generic way to detect the presence of a series of pathogens ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01911/suppl_file/ao0c01911_si_001.pdf)). The highly conservative species-specific gene regions (*iap* gene for *Listeria monocytogenes*,^[@ref25]^*khe* gene for *Klebsiella pneumoniae*,^[@ref26]^*tuf* gene for *Streptococcus pyogenes*,^[@ref27]^*nuc* gene for *Staphylococcus aureus*,^[@ref28]^*chuA* for *Escherichia coli*,^[@ref29]^ and *invA* for *S. typhi*([@ref30])) of seven pathogens were used for pathogenic detection and phenotyping. Different lengths of pathogenic genera ranging from 178 to 418 bp were selected as target regions, and specific primers were screened using MegAlign software. The primer specificity of seven different pathogens was then confirmed by gel electrophoresis ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a--c and [S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01911/suppl_file/ao0c01911_si_001.pdf)). [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, [S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01911/suppl_file/ao0c01911_si_001.pdf) display the genotype of target genes from seven bacteria *via* Cas12a-collateral cleavage combined with different specific primers or crRNA species. The Cas12a-based fluorescence method can selectively detect each pathogen with ultralow cross-reactivity and minimal off-target efficiency. The discrimination factors of the method based on primers or crRNAs using the Wilcoxon test were between 0.65 and 1.27 or 0.95 and 1.34, respectively.^[@ref31],[@ref32]^ The coefficient of variation of intraassay and interassay obtained using this method for *L. monocytogenes* with the same concentration is 11.1 and 8.2%, respectively ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01911/suppl_file/ao0c01911_si_001.pdf)). This result indicates a high reproducibility.

![Cas12a-based differential detection for nucleic acid detection from pathogenic bacteria. (a--c) Gel imaging of typical bacterial amplicons, including *L. monocytogenes* (a), *K. pneumoniae* (b), and *S. pyogenes* (c). (d--k) Fluorescence response for the differential detection of various bacterial types, including *L. monocytogenes* (d), *K. pneumoniae* (e), *S. pyogenes* (f), *S. aureus* (g), *E. coli* (h), *S. dysenteriae* (i),*S. typhi* (j), and specificity differential detection for seven pathogenic bacteria (k) dependent on different specific crRNAs (*n* = 3 technical replicates; bars represent mean ± s.d.).](ao0c01911_0003){#fig3}

We then examined the compatibility of the field-deployable detection with the CRISPR-Cas12a system ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). To study the quantification capability of the system, the synthetic *S. dysenteriae* DNA was diluted using a buffer solution. For the target of *S. dysenteriae*, the limit of detection (LOD) of the system could reach 10^2^ aM using CUFD or 10 aM using the fluorescent readout ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b,e). Moreover, *S. dysenteriae* can be specifically detected using the CUFD ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}f). We also found that Cas12a can tolerate up to two mismatches in the crRNA/target complex ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c,d). Remarkably, the Cas12a-based fluorescence method (10 aM of LOD) was much more sensitive than qPCR, as the nucleic acid targets with attomole concentration could hardly be measured by qPCR ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01911/suppl_file/ao0c01911_si_001.pdf)). The LOD of the fluorescent readout for other organisms ranges from 10^2^ to 10^4^ aM ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01911/suppl_file/ao0c01911_si_001.pdf)). The high sensitivity of CUFD was attributed to the catalytic capability of Cas12a to amplify the recognition event with the target DNA sequence. We found that CUFD enables the specific detection of *S. dysenteriae* and other bacteria in samples ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01911/suppl_file/ao0c01911_si_001.pdf)). These results demonstrated that the CUFD could be used as an ultrasensitive and accurate analysis tool for pathogenic diagnostics and profiling and accommodate it to be a point-of-care or on-site platform.

![Adapting Cas12a for LFD. (a--d) Kinetics (a) and correlation (b) of Cas12a-based detection for the *S. dysenteriae* DNA synthetic target and SNP analysis (c,d) for nucleotide mismatch using the Cas12a-based fluorescence method; (e,f) CUFD results from [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01911/suppl_file/ao0c01911_si_001.pdf) achieve the LOD (e) and specific detection (f) of *S. dysenteriae* (*n* = 3 technical replicates, bars represent mean ± s.d.). Negative control is dH~2~O. *L. monocytogenes* (L.M.), *K. pneumoniae* (K.P.), *S. pyogenes* (S.P.), *S. aureus* (S.A.), *E. coli* (E.C.), and *S. dysenteriae* (S.D.).](ao0c01911_0004){#fig4}

Having verified that LFD is fully compatible with Cas12a, we further applied our CUFD assay for diagnosing pathogenic infections without an extraction step. To measure the nucleic acid target directly from bacterial samples via LFD, we designed a rapid CUFD, a technique to lyse bacterial cells and neutralize the reaction system with the utilization of 1 M NaOH and Tris--HCl. The rapid CUFD permitted the sensitive detection of pathogenic cells from a sample mimicking infection at 10^4^ CFU/mL for *S. dysenteriae* ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01911/suppl_file/ao0c01911_si_001.pdf)). The total time of assay was ca. 1 h with the fluorescent readout and colorimetric methods using the CUFD. The assay clearly leads to less variability with minimal requirement for complicated sample preparation and nucleic acid extraction.

We finally challenged our CUFD assay by analyzing the clinical blood samples collected from the hospital ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Six samples from patients with suspected infections and one negative sample were obtained and detected by the traditional culture technique (assay time, 1--3 days) as well as by the CUFD (assay time, 1--2 h). Before bacterial DNA extraction, the samples were first placed in tubes containing the ACK lysing buffer (Gibco) to remove the red blood cells. The procedure for DNA extraction using the Bacterial DNA Kit (OMEGA) was then continued as for a single bacterial culture. These bacterial DNA were detected in parallel with the CUFD and the Cas12a-based fluorescent tool. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} displays the results from both the assay. In these cases, four samples were infected with *K. pneumoniae* and two samples with *E. coli,* as confirmed by both methods. The Cas12a-based fluorescence technique ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a) and colorimetric methods ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b,c) demonstrated good specificity and low-background response for pathogenic diagnostics in the serum samples. The results were in good agreement with that measured by the technique, indicating the potential of the CUFD for infectious disease diagnosis. Although the results of the CUFD are promising, further investigations on larger prospective clinical applications are required.

![Diagnosis of pathogens using the CUFD in blood samples. Detection of bacteria by the Cas12a-based fluorescence method (a) and the CUFD method (b,c) using seven specific crRNA probes for each bacteria type. Clinical specimens (1 mL for each sample) were processed. One of the seven clinical specimens was negative control (NC), which conformed with the standard culture method. (*n* = 3 technical replicates, bars represent mean ± s.d.).](ao0c01911_0005){#fig5}

Rapid and highly sensitive bacterial diagnosis is crucial for enhancing clinical patient care with suitable drug utilization, avoiding the mushrooming of infectious diseases, and confirming the source of pathogenic infection. To date, numerous diagnostic techniques for pathogenic nucleic acids have been developed, each of which varies in specificity, simplicity, and sensitivity.^[@ref33]−[@ref37]^ Strategies depending on time-of-flight mass spectrometry (TOF-MS) have displayed useful promise as a rapid tool for pathogenic identification.^[@ref38]−[@ref40]^ However, TOF-MS-based instruments are too high-priced for resource-poor conditions. Recently, a magneto-DNA nanoparticle platform for the rapid detection of clinical pathogens allows specific detection of 13 bacterial species, with sensitivity down to a single bacterium in 2 h^[@ref41]^ Several technical issues, such as the susceptibility for false positive results, have been huge barriers for its utilization. Here, our CUFD allowing a direct and simple readout of targets with excellent advantages, such as low cost and excellent sensitivity, would be exceptionally beneficial for medical diagnostics.

Conclusions {#sec3}
===========

Together, we created a CUFD platform that generates a direct visual strip readout for pathogenic diagnostics with minimal instrumentation and sample manipulation. This method fills the gap in the current nucleic acid diagnostic for point-of-care techniques for the portable diagnosis of pathogenic diseases. The CUFD system as a general platform can also be conveniently transferable to a lot of other important biomarkers. This platform has great potential to distinctly decrease the analysis time and the test cost for clinical precision medicine in developing areas. Further investigation integrated with an automated device for the direct and accurate readout can extend its utilization to other fields such as quantitative biology.

Experimental Section {#sec4}
====================

Cas12a Expression and Purification {#sec4.1}
----------------------------------

The cloning vector (6His-MBP-TEV-huLbCas12a) was a gift from Feng Zhang (Addgene plasmid \# 90096). The transformed *E. coli* strain transetta DE3 (TransGen Biotech) obtained using an expression vector with His6 tag was incubated at 37 °C in Terrific Broth medium with shaking at 180 rpm until the formation of an early stationary phase (OD~600~ = 0.6--1.0). To obtain the protein target of interest, the culture with isopropyl-β-[d]{.smallcaps}-thiogalactopyranoside (IPTG, 1 mM) was further shaken for 12 h at 21 °C. Bacterial cells were obtained by centrifugation at 10,000 rpm for 5 min at 4 °C and then destructed using a sonicator. The debris was dismantled by centrifugation at 10,000 rpm for 15 min at 4 °C, and the supernatant was added to Bio-Scale Mini Nuvia IMAC Ni-Charged Cartridges (Bio-Rad Laboratories, Inc.). Fractions containing protein were concentrated and then further purified on ENrich SEC 650 high-resolution size exclusion columns (Bio-Rad Laboratories, Inc.) and HiTrap Heparin HP columns (GE Healthcare), respectively.

Bacteria Culture and Nucleic Acid Preparation {#sec4.2}
---------------------------------------------

All bacteria were provided by the China Center of Industrial Culture Collection (CICC). Bacterial cells are grown to log-phase and harvested by centrifugation at 6000 rpm. for 10 min. After DNA extraction using the Bacterial DNA Kit (E.Z.N.A. Bacterial DNA Kit, OMEGA), the final DNA yield was detected using a NanoDrop microvolume spectrophotometer (Thermo Scientific) and agarose gel electrophoresis (DYY-6D, Beijing Liuyi Biotechnology Co., Ltd).

Rapid Preparation without Nucleic Acid Extraction {#sec4.3}
-------------------------------------------------

*S. dysenteriae* (50 μL) were mixed with 0.5 M NaOH (50 μL) for 10 min at 60 °C. The supernatant fluid (50 μL) was mixed with 50 μL of 0.5 M Tris--HCl (pH 8.0). The solution was directly used in PCR.

crRNA Preparation {#sec4.4}
-----------------

For crRNA synthesis ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01911/suppl_file/ao0c01911_si_001.pdf)), DNA oligonucleotides containing the T7 promoter, repeat, and spacer sequences from Sangon Biotech were annealed with a short T7 primer to form the *in vitro* transcription templates. Then, the crRNAs were synthesized by incubating at 37 °C for 16 h with the T7 quick high yield RNA synthesis kit (NTP buffer mix, 10 μL; template, 1 μg; T7 RNA polymerase mix, 2 μL; nuclease-free water up to 30 μL). Synthesized crRNAs were purified using the Monarch RNA Cleanup Kit (New England Biolabs). All crRNA sequences used in this assay are shown in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01911/suppl_file/ao0c01911_si_001.pdf).

Primer Design {#sec4.5}
-------------

Specific virulence gene sequences of each bacterium from the NCBI database were screened to gain a target region of interest (100--500 nucleotides in length) for hybridization using MegAlign software (DNASTAR). All oligonucleotides used for the primers were provided by Sangon Biotech. Primer specificity was performed by agarose gel electrophoresis.

Collateral Fluorescence Assays {#sec4.6}
------------------------------

Cas12a-mediated collateral fluorescence assays were carried out in cleavage buffer (NEBuffer 2.1) consisting of 250 nM Cas12a, 25 nM crRNA, 125 nM FQ-reporter, 15.0 μL of Target. The reaction (90 μL, 96-well microplate) was incubated using a fluorescence plate reader (BioTek H1 microplate reader) for up to 120 min at 37 °C with fluorescence measurements taken every 2 min (custom ssDNA FQ reporter = λ~ex~: 494 nm; λ~em~: 520 nm).

CUFD Assay for Nucleic Acids and Bacteria {#sec4.7}
-----------------------------------------

The CUFD assay was carried out in cleavage buffer (NEBuffer 2.1) consisting of 60 nM Cas12a, 60 nM crRNA, 1 μM lateral flow-reporter, 3.0 μL (20 μL reactions) of target for 15--20 min at 37 °C. LFD was achieved using commercially available detection strips (Milenia HybriDetect 1, TwistDx, Cambridge, UK). Cas12a detection reactions were diluted in HybriDetect assay buffer (100 μL), and then the strips were inserted and incubated for 2--5 min at room temperature. The strips were finally photographed via a camera and analyzed using ImageJ software (National Institutes of Health).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01911](https://pubs.acs.org/doi/10.1021/acsomega.0c01911?goto=supporting-info).Materials and methods, optimization of Cas12a activities, bacteria genomic DNA amplification using specific primers, collateral fluorescence assays, reproducibility of collateral fluorescence assays, bacterial detection using qPCR, sensitivity analysis using collateral fluorescence assays, and rapid CUFD assay for bacteria ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01911/suppl_file/ao0c01911_si_001.pdf))
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